Based on new multibeam bathymetric data, seismic-reflection profiles and side-scan sonar images, a great number of submarine failures of various types and sizes was identified along the northern margin of the Ligurian Basin and characterized with 3 distinct end-members concerning their location on the margin, sedimentary processes and possible triggering mechanisms. They include superficial landslides mainly located in the vicinity of the main mountain-supplied rivers and on the inner walls of canyons (typically smaller that 10 . High sedimentation rates related to hyperpycnal flows, faults and earthquake activity, together with sea-level fluctuations are the main factors invoked to explain the distribution and sizes of these different failure types.
Introduction 33
Submarine failures have been described with increasing details, especially during the last two 34 decades, in a wide range of climatic and tectonic settings, from glacial to subequatorial areas 35 [Huhnerbach and seaward of the Nice airport [Gennesseaux et al., 1980] and generated three successive waves, 2-50 3 m high, that broke along the coastline between the cities of Nice and Antibes. Three historical 51 tsunamis are also well-known in the area (1564, 1818, 1887 AD) and are closely related to 52 historical earthquake events. Earthquakes could have been responsible for tsunamogenic failures 53 in the Ligurian Sea, as previously described in other margin settings [Fryer et al., 2004 ; Lòpez-54
Venegas et al., 2008]. 55
The present study focuses on the northern margin of the Ligurian Sea where more than 500 56 submarine failures of various sizes have been identified on the continental slope between the 57 cities of Nice (France) and Genova (Italy). To analyse their morphologies and distribution on the 58 slope, and to identify their triggering mechanisms, a large dataset including Simrad EM300 59 multibeam bathymetry, seismic-reflection profiles, echo-sounder profiles and deep-tow side-scan 60 sonar was acquired in the frame of the MALISAR cruises (2006, 2007, 2008) . Our goal is to 61 present the characters of the continental slope to outline the main features of the submarine 62 failures and factors controlling their distribution. These results will help improving our ability to 63 bathymetric data were processed and merged using the Caraibes software (Ifremer, France) to 142 build a DTM with a spatial resolution of 25 m (Fig. 1) . Bathymetric surveys covered the whole 143 margin between 100 and 2500 m water depth. The general bathymetric map allowed a detailed 144 study of seafloor morphology and the identification of mass-wasting related features. As 145 headwall scars of submarine landslides are well defined on bathymetric data, it was possible to 146 calculate the volume of sediment missing in some scars by reconstructing the pre-slide seafloor 147 topography and subtracting the pre-and post-slided surfaces with the Caraibes and GMT 148 software. 149
Side-scan sonar images and 3.5 kHz echo-sounder profiles were collected using the deep-towed 150 SAR (Système Acoustique Remorqué) system developed by Ifremer for very high-resolution 151 investigations of seafloor texture and micromorphology for water depths ranging from 200 to 152 6000 m. The SAR is a side-scan sonar towed about 80-100 m above the seafloor, at an average 153 speed of 1 ms -1 (2 knots). The system provides a 1500-m wide swath of the seafloor with a 154 spatial resolution of 25 cm, and 3.5 kHz profiles with a vertical resolution of about 80 cm. 155
The internal architecture of slope deposits, failure scars and mass-transport deposits have 156 been studied using (1) Chirp profiles collected using a hull-mounted system (3 to 5 kHz) during 157 the bathymetric surveys, and (2) seismic-reflection profiles of various resolution collected 158 using a 300-m long 24-channels streamer and two mini-GI air gun (one 75/75 ci and one 159 40/40 ci), and a 450-m long 72-channels streamer and six mini-GI air gun (three 25/25 ci and 160 three 15/15 ci). Additional seismic-reflection profiles were collected during geophysical 161 training cruises conducted by the Villefranche-sur-Mer marine station. The data were recorded 162 using a 250 m-long 6-channel streamer and the seismic source was a mini-GI air-gun. 163 Based on morphological characteristics, the Ligurian margin was divided in a western and an 167 eastern segment separated by a SW-NE trending ridge called the Imperia Promontory ( Fig. 1;  168 Larroque et al., this issue). The study area comprises several morphologic domains that are 169 briefly described below: 170 -Seventeen canyons erode the continental slope from the city of Nice to the Gulf of Genova. 171
From west to east, they are the Var, Paillon, Roya, Nervia, Taggia, Verde, Mercula, Laigueglia, 172 Cuenta, Varatella, Pora, Finale, Noli, Vado, Polcevera, Bisagno and Levante Canyons. 173
Canyons initiate either at shallow water depth, directly at the mouth of some of the rivers 174 feeding the Ligurian continental slope and basin, or at greater depth, along the outer 175 continental shelf or on the upper continental slope. Along the western segment (Fig. 1) , 176 canyons are mainly straight and perpendicular to the direction of the margin. Along the eastern 177 segment (Fig. 1) , the Mercula and Laigueglia Canyons exhibit an unusual parallel direction to 178 the margin that is clearly constrained by the presence of the Imperia Promontory. (Fig. 2) . This is the case of the so-called "Nice 211
1979" submarine landslide that was triggered at the transition between the outer continental shelf 212 and the upper continental slope (Fig. 3A) [Dan et al., 2007] . There, the continental slope exhibits 213 a concave-up topographic profile ( Fig. 1 ) and slope angle is 10 to 15°. Some Type-1 failure scars 214 are also located: (1) on the inner walls of most of the canyons eroding the continental slope, 215
where the slope angle exceeds 20°, and (2) on open slope environments, far from direct sediment 216 supply and canyons but close to earthquake-epicentral areas like the one of the 1887 earthquake, 217
where the slope angle is about 5°. 218
Whatever their location on the continental slope, Type-1 scars mainly exhibit an ellipsoidal or 219 amphitheatre-like morphology (Fig. 3) . In some cases, scars are more complex, and consist of 220 several nested amphitheatre-like morphologies (Fig. 3B) . Each scar is continuing on the slope by 221 a chute that evidences the erosive power of the failed mass remobilized in the scar (Fig. 3) . The 222 chutes are essentially straight in the direction of the main slope angle in their downslope part, 223 whereas they exhibit a low-sinuosity pattern in their upstream part (Fig. 3A) . They are few 224 hundred meters to 5-km long. The chutes show a width comparable with that of the scars in the 225 upper reach, then enlarge and deepen downslope. In most cases, on both bathymetric data and 226
Chirp profiles, Mass-Transport Deposits (MTD) are not found downstream from the scars, in the 227 chutes. A similar observation was made by [Klaucke and Cochonat, 1999] and 2200 m of water depth ( Fig. 2 ; Table 1 ). The best known example of such type of failure is 238 the so-called "Cirque Marcel" [Savoye and Piper, 1991] . Fourteen failures of Type 2 have 239 been identified along the 50-km long segment of the slope comprised between the cities of 240 Nice (France) and Imperia (Italy). Here, the continental slope exhibits a convex-up 241 topographic profile (Fig. 1) . The location of scars correlates with the steepest part of the 242 continental slope, where the slope angle is of about 6°. 243
Type-2 scars are 2 to 4-km wide, 4 to 6-km long as an average. Volumes of remobilized deposits 244 decrease gradually eastward from 2-2.6 x 10 9 m 3 to less than 25 x 10 6 m 3 . In plan view, they 245 exhibit a complex amphitheatre-like morphology resulting from several semi-circular nested 246 scars (Fig. 4) . In the Cirque Marcel, from the top to the base, four scars are present with heights 247 ranging from 100 to 300 m. They are separated by flat areas 1 to 2-km wide. These areas exhibit 248 evidences of erosional processes, revealed by the presence of smaller-scale scars and scours 249 (Figs 4 and 5). The scars also exhibit semi-circular geometry on both bathymetric profiles ( Seismic-reflection profiles suggest these large failure-related scars affected in most cases the 259 whole Plio-Quaternary section, 300 to 500-m thick, and the slip plans correlate with the top of 260 the Messinian conglomerates (Fig. 7 ). In the "Cirque Marcel", this interpretation is supported by 261 direct observation reporting the presence of messinian-conglomerates and pliocene-marl 262 outcrops within the main scars [Savoye and Piper, 1991] . 263
In the area offshore Nice to Imperia, the base of the continental slope is also strongly affected by 264 reflectors of the well-layered echofacies corresponding to the VSR deposits (Fig. 11) . Erosion 289 affected locally up to 5-10 m of VSR deposits. The MTD is draped by hemipelagic-like deposits 290 5-m thick (Fig. 11) . By assuming a sedimentation rate of 17 cm/1000 yrs in that part of the VSR 291 , the age of the MTD could be about 29-30 ka BP. 292
The VSR Slide is located above a network of syn-sedimentary faults exhibiting a flower-like 293 pattern and affecting the upper 400 ms of sediment below the seafloor ( Genova during the MALISAR1 cruise (Fig. 12) . It is located on an interfluve area where the 303 Pora and Noli Canyons coalesce (Fig. 13) . Here, the slope angle is about 4°. The scar lies at 700 304 m water depth. It is 10-km wide, 3-km long and 50-m high as an average. The volume of 305 missing sediment in the scar is of 1.5 x 10 9 m 3 . Two superficial semi-circular failures with 306 volume lower than 10 5 m 3 affected the scar in its eastern part (Fig. 13) . A chaotic to transparent 307 body deposited in the continuity of the scar and reached the Noli Canyon (Fig. 14) . It is 308 interpreted as a MTD resulting from the transformation of the destabilized deposits. The MTD is 309 about 20-30 m thick near the base of the scar and it thins to 10-15 m in the Noli Canyon (Fig.  310   14) . Draping hemipelagic-like deposits are not observed on top of the MTD on Chirp profiles, 311 suggesting a recent emplacement. 312
313
The Portofino Slide -The Portofino slide was first identified on Sparker profiles by [Corradi et 314 al., 2001 ] and its western part was mapped during the MALISAR2 cruise. It is located in the 315 northeastern part of the Gulf of Genova (Fig. 12) , on the upper continental slope where the mean 316 slope angle is about 3°. The scar lies at about 250 m water depth. It consists of a sharp 317 escarpment (slope angle of about 7°) 300-m high followed at its base by a MTD about 200-m 318 thick. The volume of missing sediment was not evaluated in that case as the scar was 319 incompletely mapped. The MTD extend about 10 km downstream from the scar (Fig. 12) . Its 320 internal architecture partly exhibits the original organisation of deposits evidenced by the 321 presence of well-layered moderate-amplitude reflections [Corradi et al., 2001] . The change of 322 reflection dip along the whole MTD was interpreted by [Corradi et al., 2001 ] as a slight 323 rotational movement of the destabilized deposits. The distal part of the MTD is now eroded by 324 the Levante Canyon (Fig. 12) . A field of pockmarks is located west of the Portofino Slide and 325 lies at a water depth ranging from 300 to 500 m (Fig. 12) . 326 327
Discussion 328
The specific location of each Type of failure scars along the Ligurian Margin could give hints 329 on the controlling factors influencing their triggering, including the structure of the margin, the 330 presence of large faults, the areas of highest earthquake activity and of highest sedimentation 331 rate. 332 333
Single vs multiple-failure events 334
In terms of geohazard assessment, it is important to understand the processes leading to the 335 formation of the scar morphologies identified on the present-day seafloor. Depending on these 336 processes, estimation of volumes of deposits reworked on the continental slope or intensity of 337 slope-deposits erosion during a single event could differ totally and change our ability to estimate 338 the tsunamigenic potential of submarine failures. 339
Looking at the morphology of Type-1 failures, each erosional chute seems to have originated 340 from a single scar, suggesting that a single failure event triggered on the upper slope and evolved 341 downslope to an erosive cohesive mass-flow (Fig. 3) . Within the chutes, the lack of mass-342 transport deposits (MTD) suggests that when a failure is triggered, the remobilized deposits are 343 completely evacuated to the base of the slope. On the Nice slope, this interpretation is supported 344 by the fact that debris-flow deposits were only identified at the base of the slope, in two areas 345 close to the Var and Paillon Canyons [Klaucke and Cochonat, 1999] . 346
For Type-3 failures, the presence of a single thick MTD downslope from the scar also suggests a 347 single failure event, although it is possible that the MTD characterises only one of the recorded 348 phases of failure. However, phases of seafloor erosion older than the one identified at the base of 349 the MTDs were not observed, suggesting that the MTDs are, at least, associated to the main 350 failure event. In the example of the VSR Slide (Fig. 8) and the Finale Slide (Fig. 13) promote regular failure events, it will also prevent thick unstable sediment accumulation to 390 build through time. In that case, only small volume of continental-slope deposits will be 391 remobilized during each failure event, as it is observed along similar steep margins of the 392 Mediterranean, like the Algerian margin [Cattaneo et al., 2010] . 393 Slope angle might also play an important role on the post-failure processes and the 394 transformation of a failed mass into a gravity flow. Mass-transport deposits are never found 395 immediately downslope of Type-1 and Type-2 scars, or they are found far from these scars 396 where the slope angle decreases drastically ( In the western Ligurian margin (Fig. 2) (Fig. 7) . At sea, most of the earthquake epicentres are located on these structures 432 (Fig. 1) . As the margin exhibits seaward dipping strata 439 (Fig. 7) , it may require less energy under these conditions to generate a failure during 440
earthquakes. 441
The strongest earthquake events are also probably responsible for the direct and rapid 442 Correlation between the types of factors and the types of submarine failures could help to 489 discriminate between areas that are prone to low-to-high geohazards. 490
Type-1 failure scars correlate with areas of both high slope angle and direct high particle-491 supply by hyperpycnal flows. These two factors promote high-frequency failures, with 492 volumes classically lower than 10 8 m 3 . As these two factors are closely connected with river 493 discharges and seafloor erosion, these failures are restricted in small areas localized in the 494 vicinity of river mouths and on the inner flanks of canyons. As a consequence, they do not 495 strongly impact the morphology and the erosion of the whole margin. However, from the 496 example of the 1979 Nice-airport landslide, such failures are able to generate tsunami despite 497 their small volume because they occur at shallow water depth [Ioualalen et al., 2010] . In the 498 case of the 1979 event, three waves less than 3-m high broke along the coastline between the 499 cities of Antibes and Nice less than 8 minutes after the failure occurred. Similar Type-1 500 failures triggering at shallow water depth are thus thought to generate low-elevation tsunami 501 affecting the coastline within a radius of 5-10 km around the point of sediment rupture and 502 within a very short-time period. Such failures are also able to rapidly transform into gravity 503 flows that can expand drastically through processes of seafloor erosion [Mulder et al., 1997 ; 504
Piper . Their increasing volume and density allow these flows to transport 505 large volume of particles to the deep part of the margin and to break submarine cables more 506 than 100 km away from their source as it happened for the 1979 flow. Type-1 failures could 507 thus have a low-to-high hazard potential, not necessarily linked to regional seismicity as in the 508 case of the 1979 Nice event [Dan et al., 2007] . 509
Type-2 failure scars correlate with the uplifting area of the margin and with the presence of 510 main fault planes where earthquakes are also mainly concentrated. We infer that these three 511 factors are responsible for the triggering of low-to-mid frequency failures with large volumes, 512
ranging from 1 to 3 km 3 . These failures affect the base of the continental slope along the whole 513 western Ligurian margin (between E7°20" and E8°10" in latitude) and thus have a strong 514 impact on its evolution in time and space. Despite their location at water depth ranging from 515 1700 to 2000 m, such failures could potentially generate tsunami several metres high when 516 assuming the worst possible conditions in the tsunami-simulation scenario, i.e. remobilisation 517 of large volume (> 10 9 m 3 ) during a single failure event [Ioualalen et al., 2010] . As these 518 failures occurred about 20 km offshore from the coastline, the tsunami would be able to 519
propagate within the whole western Ligurian basin and to affect the coastline in an area 20-50 520 km long around the location of the failure [Ioualalen et al., 2010] . Type-2 failures could thus 521 have a high hazard potential, especially in the scenario of single event, which is still difficult 522 to prove in the absence, in most cases, of clearly identifiable proximal MTDs or distal turbidite 523 deposits associated to the failure scars. Click here to download high resolution image 
